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Abstract
The VKS experiment studies dynamo action in the flow generated inside a cylinder
filled with liquid sodium by the rotation of coaxial impellers (the von Ka´rma´n geom-
etry). We report observations related to the self-generation of a stationary dynamo
when the flow forcing is symmetric, i.e. when the impellers rotate in opposite direc-
tions at equal angular velocities. The bifurcation is found to be supercritical, with a
neutral mode whose geometry is predominantly axisymmetric. We then report the
different dynamical dynamo regimes observed when the flow forcing is asymmetric,
including magnetic field reversals. We finally show that these dynamics display char-
acteristic features of low dimensional dynamical systems despite the high degree of
turbulence in the flow.
L’expe´rience VKS : dynamiques d’une dynamo turbulente
Re´sume´
L’expe´rience VKS e´tudie l’effet dynamo dans l’e´coulement de von Ka´rma´n en-
gendre´e dans un cylindre par la contre-rotation des deux turbines coaxiales. Nous
de´crivons d’abord l’apparition et l’auto-entretien d’une dynamo statistiquement
stationnaire, engendre´e quand les turbines sont en contra-rotation exacte. L’in-
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stabilite´ dynamo se de´veloppe au travers d’une bifurcation super-critique avec un
mode neutre essentiellement axisyme´trique. Nous discutons ensuite l’observation de
re´gimes dynamique riches, engendre´s lorsque les turbines sont en contra-rotation a`
des vitesses diffe´rentes, c’est-a`-dire en pre´sence d’une rotation globale de l’e´coulement.
Renversements erratiques, oscillations et re´gimes de bouffe´es intenses de champ
magne´tique sont alors observe´s. Nous montrons que ces comportements, engendre´s
pour des valeurs voisines des parame`tres de controˆle de l’e´coulement, ont des ca-
racte´ristiques tre`s similaires aux syste`mes chaotiques de faible dimensionalite´ en
de´pit de la turbulence importante de l’e´coulement.
Key words: Dynamo ; Magnetohydrodynamics ; Turbulence
Mots-cle´s : Dynamo ; Magne´tohydrodynamique ; Turbulence
1 Introduction
The generation of electricity from mechanical work has been one of the main
achievements of physics by the end of the XIXth century. In 1919, Larmor
proposed that a similar process can generate the magnetic field of the sun
from the motion of an electrically conducting fluid. However, fluid dynamos
are more complex than industrial ones and it is not easy to find laminar
flow configurations that generate magnetic fields [1]. Two simple but clever
examples have been found in the seventies [2] and have led more recently to
successful experiments [3]. These experiments have shown that the observed
thresholds are in good agreement with theoretical predictions [4] made by
considering only the mean flow, whereas the saturation level of the magnetic
field cannot be described with a laminar flow model (without using an ad-hoc
turbulent viscosity). [5]. These observations have raised many questions: what
happens for flows without geometrical constraints such that fluctuations are
of the same order of magnitude as the mean flow? Is the dynamo threshold
strongly increased due to the lack of coherence of the driving flow [6,7] or
does the prediction based on the mean flow still give a reasonable order of
magnitude [8]? What is the nature of the dynamo bifurcation in the presence
of large velocity fluctuations? All these questions, and others motivated by
geophysical or astrophysical dynamos [9], have led several teams to try to
generate dynamos in flows with a high level of turbulence [10,11].
We report here the dynamo regimes observed in the von Ka´rma´n Sodium
(VKS) series of experiments made in 2006-2007 [12,13,14].
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2 Experimental setup
A sketch of the experiment is shown in figure 1. The flow is generated by
rotating two disks of radius 154.5 mm, 371 mm apart in a cylindrical vessel,
2R = 412 mm in inner diameter and 524 mm in length. The disks are fitted
with 8 curved blades of height h = 41.2 mm. These impellers are driven at ro-
tation frequencies (F1, F2) up to 26 Hz by 300 kW available motor power. An
oil circulation in the outer copper cylinder maintains a regulated temperature
in the range 110-160 oC. The mean flow has the following characteristics: the
fluid is ejected radially outward by the disks; this drives an axial flow toward
the disks along their axis and a recirculation in the opposite direction along
the cylinder lateral boundary. In addition, in the case of counter-rotating disks
studied here, the presence of a strong axial shear of azimuthal velocity in the
mid-plane between the impellers generates a high level of turbulent fluctua-
tions [15,16]. The kinetic Reynolds number is Re = KR2Fi/ν, where ν is the
kinematic viscosity and K = 0.6 is a coefficient that measures the efficiency
of the impellers [16]. Re can be increased up to 5 × 106: the corresponding
magnetic Reynolds number is Rm = Kµ0σR
2Fi ≈ 49 (at 120
oC), where µ0 is
the magnetic permeability of vacuum and σ is the electrical conductivity of
sodium.
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Figure 1. Experimental setup. Note the curved impellers, the inner cylinder
which separates the flow volume from the blanket of surrounding sodium and
the thin annulus in the mid plane. Also shown are the holes through which the
3D Hall probes are inserted into the vessel for magnetic measurements. Loca-
tion in (r/R, θ, x/R) coordinates of available measurement points: P1(1, π/2, 0);
P2(1, π/2, 0.58); P3(0.25, π/2,−0.58); P4(0.25, π/2, 0.58); P5(1, π, 0) (see table 1 for
details concerning available measurements in different experimental runs). When
referring to the coordinates of magnetic field vector ~B measured in the experiment
at these different points, we will use either the cartesian projection (Bx, By, Bx) on
the frame (~x, ~y, ~z) or the cylindrical projection (Br, Bθ, Bx) on the frame (r, θ, x)
(Bθ = −By and Br = Bz for measurements at points P1, P2 and P3.)
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Runs Impellers Dynamo P1 P2 P3 P4 P5
VKS2f stainless steel No MP - - - -
VKS2g iron Yes MP G - - -
VKS2h iron Yes G - - - MP
VKS2i iron Yes - - MP G -
Table 1
Experimental configuration of the four successive runs discussed here. VKS2g
(september 2006) is the first run with dynamo action. Labels MP or G indicate
whether a 3D probe array of Hall sensors or a single 3D gaussmeter was used. P#
(cf figure 1) is the location of the measurement – the inner-most sensor for the probe
array.
Compared to previous VKS experiments, three modifications have been per-
formed regarding flow generation and boundary conditions. A first modifica-
tion consists of surrounding the flow by sodium at rest in another concentric
cylindrical vessel, 578 mm in inner diameter. This has been shown to decrease
the dynamo threshold in kinematic computations based on the mean flow ve-
locity [16]. The total volume of liquid sodium is 150 l. A second geometrical
modification consists of attaching an annulus of inner radius 175 mm and
thickness 5 mm along the inner cylinder in the mid-plane between the disks.
Water experiments have shown that its effect on the mean flow is to make
the shear layer sharper around the mid-plane. In addition, it reduces low fre-
quency turbulent fluctuations, but the rms velocity fluctuations are almost
unchanged (of order 40 − 50%) [17]. Finally, the impellers driving the flow
are made of soft iron. Using boundary conditions with a high permeability in
order to change the dynamo threshold has been already proposed [18]. It has
been also shown that in the case of a Ponomarenko or G. O. Roberts flows,
the addition of an external wall of high permeability can decrease the dynamo
threshold [19]. Kinematic simulations of the VKS mean flow have shown that
different ways of taking into account the sodium behind the disks lead to an
increase of the dynamo threshold ranging from 12% to 150% [20]. Other kine-
matic simulations using a model flow show that the threshold with boundaries
of high magnetic permeability is lower than the one obtained by replacing the
sodium behinf the disks by an insultating medium [21], although the actual
behavior may be more complex.
Magnetic measurements are performed using 3D Hall probes, and recorded
with a National Instruments PXI digitizer. We use both a single-point (three
components) Bell probe (hereafter label G-probe) connected to its associated
gaussmeter and a custom-made array where the 3D magnetic field is sampled
at 10 locations along a line (hereafter called SM-array), every 28 mm. The
array is made from Sentron 2SA-1M Hall sensors, and is air-cooled to keep
the sensors temperature between 35 and 45◦C. For both probes, the dynamical
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range is 70 dB, with an AC cut-off at 400 Hz for the gaussmeter and 1 kHz
for the custom-made array; signals have been sampled at rates between 1 and
5 kHz. The locations of the probe in each of the experimental runs discussed
here are reported in table I.
3 Dynamo generation, symmetric forcing, F1 = F2
We first consider the behavior when the flow is forced by impellers counter-
rotating at equal rates, F1 = F2. Figure 2 shows the time recording of the three
components of ~B when Rm is increased from 19 to 40. The largest component,
By, is tangent to the cylinder at the measurement location. It increases from
a mean value comparable to the Earth magnetic field to roughly 40 G. The
mean values of the other components Bx and Bz also increase (not visible on
the figure because of fluctuations). Both signs of the components have been
observed in different runs, depending on the sign of the residual magnetization
of the disks. All components display strong fluctuations as could be expected
in flows with Reynolds numbers larger than 106.
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Figure 2. Three component of the magnetic field generated by dynamo action at
F1 = F2 measured at point P1 in the experiment VKS2g.
Figure 3a shows the mean values of the components 〈Bi〉 of the magnetic field
and Fig. 3b their fluctuations Bi rms versus Rm. The fluctuations are all in
the same range (3 G to 8 G, at 30% above threshold) although the corre-
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sponding mean values are very different. The time average of the square of
the total magnetic field, 〈 ~B2〉, is displayed in the inset of Fig. 3a. No hysteresis
is observed. Linear fits of 〈By〉 or Bi rms displayed in Fig. 3 define a critical
magnetic Reynolds number Rcm ∼ 31 whereas the linear fit of 〈
~B2〉 gives a
larger value R0m ∼ 35. The latter is the one that should be considered in the
case of a supercritical pitchfork bifurcation. The rounding observed close to
threshold could then be ascribed to the imperfection due to the ambient mag-
netic field (Earth field, residual magnetization of the disks and other magnetic
perturbations of the set-up). The actual behavior may be more complex be-
cause this bifurcation takes place on a strongly turbulent flow, a situation for
which no rigorous theory exists. The inset of Fig. 3b shows that the variance
B2rms = 〈(
~B − 〈 ~B〉)2〉 is not proportional to 〈B2〉. Below the dynamo thresh-
old, the effect of induction due to the ambient magnetic field is observed.
Brms/〈B
2〉1/2 first behaves linearly at low Rm, but then increases faster as Rm
becomes closer to the bifurcation threshold. We thus show that this seems to
be a good quantity to look at as a precursor of a dynamo regime. In addition,
we observe that it displays a discontinuity in slope in the vicinity of Rcm in an
analogous way of some response functions at phase transitions or bifurcations
in the presence of noise. Note however that the shape of the curves depends on
the measurement point and they cannot be superimposed with a scaling factor
as done for 〈B2〉 versus Rm in the inset of Fig. 3a. The probability density
functions (PDF) of the fluctuations of the three components of the induced
magnetic field (not displayed) are roughly gaussian. The PDFs of fluctuations
below threshold, i.e., due to the induction resulting from the ambient magnetic
field, are similar to the ones observed in the self-generating regime. We do not
observe any non gaussian behavior close to threshold which would result from
an on-off intermittency mechanism [22]. Possible reasons are the low level of
small frequency velocity fluctuations [23] or the imperfection of the bifurcation
that results from the ambient magnetic field [24].
Dissipated power by Ohmic losses is another important characterization of
dynamo action. Indication obtained from the commercial indicator on the
electric power source of the motors show that, 30% above threshold, there is
an excess power consumption of 15−20% with respect to a flow driving power
of the order of 100 kW.
The effect of iron disks deserves additional discussion. Indeed, using stainless
steel impellers instead of iron ones does not generate a magnetic field up to the
maximum possible rotation frequency of the disks (F = 26 Hz). In addition,
the dynamo threshold during the first run was about 20% larger than in the
next runs for which all the measurements were then perfectly reproducible.
However, no effect of remanence that would lead to a hysteretic behavior close
to the bifurcation threshold has been observed. As demagnetization of pure
iron occurs for field amplitudes of the order of the Earth field, i.e., much
smaller than the fields generated by the dynamo, the iron disks do not impose
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Figure 3. a) Mean values of the three components of the magnetic field recorded at
P1 versus Rm (T = 120
oC): (N) −〈Bx〉, () −〈By〉, (•) 〈Bz〉. The inset shows the
time average of the square of the total magnetic field as a function of Rm, measured
at P1 (•), or at P2 (⋆) after being divided by 1.8. b) Standard deviation of the fluc-
tuations of each components of the magnetic field recorded at P1 versus Rm. The
inset shows Brms/〈B
2〉1/2. Measurements done at P1: (N) T = 120 oC, frequency
increased up to 22 Hz; Measurements done at P2: (⋆) T = 120 oC, frequency de-
creased from 22 to 16.5 Hz, () T = 156 oC, frequency increased up to 22 Hz, (◦)
Ω/2π = 16.5 Hz, T varied from 154 to 116 oC, (♦) Ω/2π = 22 Hz, T varied from
119 to 156 oC. The vertical line corresponds to Rm = 32.
any permanent magnetization but mostly change the boundary condition for
the magnetic field generated in the bulk of the flow. This changes the dynamo
threshold and the near critical behavior for amplitudes below the coercitive
field of pure iron. It should be also emphasized that the axisymmetry of the
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set-up cannot lead to Herzenberg-type dynamos [25]. In addition, these rotor
dynamos display a sharp increase of the field at threshold and their satura-
tion is mostly limited by the available motor power [25]. On the contrary,
we observe a continuous bifurcation with a saturated magnetic field in good
agreement with a scaling law derived for a fluid dynamo.
No secondary instability is observed when F is increased further up to its
maximum value, 26 Hz, and the dynamics as well as the mean field geometry
are unchanged. The mean field is mostly azimuthal close to the flow periphery
whereas the azimuthal and axial components are of the same order of mag-
nitude in the bulk of the flow. The radial component is much weaker. These
observations show that the mean magnetic field differs from the one computed
numerically by taking into account the mean flow alone. It was found to be
an equatorial dipole [26,27,16], thus leading to a strong radial component in
the mid-plane between the impellers. A simple model of an α−ω dynamo has
been proposed to understand the experimentally observed axial dipole [28,29]:
it takes into account the helical nature of the velocity corresponding to the flow
ejected by the centrifugal force close to each impeller between the blades. This
gives an α-effect localized close to the disks that transforms an azimuthal field
into a poloidal one, whereas differential rotation converts also very efficiently
the poloidal component into toroidal by ω effect. However, the distribution
of helicity in three-dimensional turbulence remains a challenging question. In-
duction measurements in [30,31] show another possible contribution to the
alpha effect, from spatial inhomogeneities in the turbulence intensity. As cal-
culated in [32], there is a contribution to the mean-field alpha tensor coming
from the inhomogeneity of turbulent fluctuations, with resulting electromotive
force ǫ ∼ (g ·Ω)B, where Ω is the flow vorticity and g the normalized gradi-
ent of turbulent fluctuations, g = (∇u2)/u2. In this case again an azimuthal
Bθ field generates a jθ current, and therefore an axial magnetic field. Distin-
guishing between these mechanisms (which may be linked) will need further
measurements, ideally from nearby velocity and magnetic probes.
We note further that, although non axisymmetric fluctuations are essential
to explain the geometry of the mean magnetic field, they have a surprisingly
weak effect on the large scale dynamics of the field. In particular, in the case
of impellers counter-rotating at the same frequency, these fluctuations never
induce a change of polarity of the mean magnetic field even close to the bifur-
cation threshold, although the magnetic energy density is much smaller than
the one of the turbulent velocity fluctuations.
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4 Dynamos for asymmetric forcing, F1 6= F2
In the experiment, the rotation rates (F1, F2) of the driving impellers can be
independently adjusted and this gives an additional degree of freedom. Start-
ing from a symmetric flow forcing, one can progressively change the rotation
frequency of one disk and explore regimes in which the faster disk imposes
some kind of global rotation to the flow, a feature common to most natural
dynamos. We show in figure 4 an inspection of parameter space when the flow
is driven with disks rotating at different speeds.
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Figure 4. Observed dynamo regimes. The parameter space is labeled by the magnetic
Reynolds numbers Rmi and, for clarity, by the frequencies corrected for mean tem-
perature variation: F ∗i = [σ(T )/σ(120
oC)]Fi. Legend: no dynamo (green ◦; B . 10G
for more than 180 s), statistically stationary dynamos (blue •); oscillatory dynamos
(green squares); limit cycles (red squares), magnetic reversals (orange squares),
bursts (purple triangles) and transient magnetic extinctions (⊗). All regimes have
been characterized from recodings spanning 3 minutes long.
As the difference in angular velocities is varied from the symmetric frocing
F1 = F2, we observe that dynamo action is preserved and that the magnetic
field measured inside the flow or at its boundary becomes time-dependent.
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In a small parameter range, ∆Fi/Fi ∼ 20% , a variety of dynamical regimes,
oscillations, intermittent bursts (not shown), as well as dynamos with random
reversals are observed. We also find pockets of parameters for which we could
not record the growth of a dynamo during 3-minute long runs –corresponding
to over 3000 forcing time scales.
We describe further below the case of irregular reversals. For (F1 = 16 Hz, F2 =
22 Hz), a dynamical regime in which the magnetic field randomly changes its
polarity is observed – cf. figure 5. All three components of the dynamo field
switch polarity, so that B changes to −B. For each polarity, the amplitude
of the magnetic field has strong fluctuations, with an rms fluctuation level
of the order of 20% of the mean. This level of fluctuation is due to the very
intense turbulence of the flow, as the kinetic Reynolds number exceeds 106.
Reversals occur randomly and have been followed for up to 45 minutes, i.e.
54000 characteristic time scales of the flow forcing. Note however that the am-
plitude of the magnetic field, much larger than the Earth field, is the same for
both polarities. Standard deviations are of the same order of magnitude as the
mean values, although better statistics may be needed to fully converge these
estimates. The mean duration of each reversal, τ ∼ 5 s, is longer than mag-
netohydrodynamics time scales: the flow integral time scale is of the order of
the inverse of the rotation frequencies, i.e. 0.05 s, and the ohmic diffusive time
scale is roughly τη ∼ 0.4 s. In the regime reported in figure 5, the polarities
do not have the same probability of observation. Phases with a positive polar-
ity for the largest magnetic field component have on average longer duration
(〈T+〉 = 120 s) than phases with the opposite polarity (〈T−〉 = 50 s).
Concerning the dynamics of field reversals, a natural question is related to
the connection between B and −B in time. The equations of magnetohydro-
dynamics are symmetric under the transformation so that the selection of a
polarity is a broken symmetry at the dynamo bifurcation threshold. The se-
quences of opposite polarities displayed in figure 5 act as magnetic domains
along the time axis, with Ising-type walls in-between them: the magnetic field
vanishes during the polarity change rather than rotating as in a Bloch-type
wall. For other parameter values Rmi(i = 1, 2), we have also found reversals
of Bloch-type. One important observation for the reversals reported here is
the correlation with the global energy budget of the flow. The total power
P (t) delivered by the motors driving the flow fluctuates in time in a strongly
asymmetric manner: the record shows short periods when P is much smaller
than its average. They always coincide with large variations in the magnetic
field, as shown in figure 5. Either a reversal occurs, or the magnetic field first
decays and then grows again with its direction unchanged. Similar sequences,
called excursions, are observed in recordings of the Earth’s magnetic field. The
variation of power consumption during the weakening of the magnetic field is
in agreement with the power required to sustain a steady dynamo in the VKS2
experiment (drops by over 20% , that is 20 kW out of 90 kW). However, we
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Figure 5. Direct time recordings of the three components of the magnetic field. Disk
rotation frequencies, F1 = 16 Hz, F2 = −22: Bx (blue), By (red), Bz (green). Mea-
surement at point P1 in VKS2h. The upper graph shows the sequences of polarities
for the longest in this regime (the shaded area corresponding to the lower plot).
note that in other regions of the parameter space, different regimes also involve
changes in polarity without noticeable modification of power.
We have also observed that the trajectories connecting the symmetric states
B and −B are quite robust despite the strong turbulent fluctuations of the
flow. This is displayed in figure 6: the time evolution of reversals from up
to down states can be neatly superimposed by shifting the origin of time
such that B(t = 0) = 0 for each reversal. Despite the asymmetry due to
the Earth magnetic field, down-up reversals can be superimposed in a similar
way on up-down ones if −B is plotted instead of B. For each reversal the
amplitude of the field first decays exponentially. A decay rate of roughly 0.8 s−1
is obtained with a log-lin plot (not shown). After changing polarity, the field
amplitude increases linearly and then displays an overshoot before reaching
its statistically stationary regime.
Further investigation of this regime will help address from an experimental
perspective persistent questions about magnetic field reversals. Some of these
concern the role of hydrodynamics and electromagnetic boundary conditions –
both of them can be experimentally adjusted. Others are related to the dynam-
ics of the magnetic reversals. From inspection of paleomagnetic data, it has
been proposed that reversing dynamos and non-reversing ones are metastable
11
Figure 6. Superimposition of 6 successive reversals from up to down polarity to-
gether with 6 successive reversals from down to up polarity with the transformation
B → −B. For each of them the origin of time has been shifted such that it corre-
sponds to B = 0. The thick black line is the average of all reversals.
states in close proximity [33]. In geodynamo simulations (convective dynamos
in rapidly rotating spheres), the flow is often laminar and reversals have been
associated to interaction between dipole and higher order modes, with the pos-
sibility of reversal precursor events [34]. Field reversals have also been observed
in turbulence driven numerical α2 and α − ω dynamos based on mean-field
magnetohydrodynamics [35,42]. In these, the role of noise was found to be es-
sential, together with the proximity of steady and oscillating states. In many
cases, the existence of several dynamo regimes in a narrow region of parameter
space has been considered as essential. Our experiment displays this feature:
two different stationary dynamo modes bifurcate for F1 = F2 and respectively
F1 6= F2 (see section below) . Their interaction gives rise to a variety of dif-
ferent dynamical regimes in parameter space. This is a general feature for
bifurcations of multiple codimension.
5 Transitions and chaotic features
In the VKS experiment, depending on the amount of global rotation, both
stationary regimes are observed as well as several secondary bifurcations that
lead to more complex dynamics including field reversals – see above. The aim
of this section is to discuss these different regimes and to illustrate that they
can be understood as the result of a few competing modes in the vicinity of
the dynamo threshold.
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Figure 7. Top: sketch of the axial dipolar (left) and quadrupolar (right) magnetic
modes. Middle: location of the different states in the (Br, Bθ) plane: fixed points
corresponding to the stationary regimes for frequencies (F1 − F2) ; limit cycle ob-
served for impellers counter-rotating at different frequencies 22 - 18.5 Hz (red). The
magnetic field is time averaged over 1 s to remove high frequency fluctuations caused
by the turbulent velocity fluctuations. Bottom: time recording of the components
of the magnetic field for frequencies 22 - 18.5 Hz.
Let us consider the case where we start from impellers rotating at 22 Hz,
and then the frequency of an impeller, say F2, is decreased, F1 being kept
constant. We first observe a statistically stationary dynamo regime with a
dominant azimuthal mean field close to the flow periphery (figure 7, top left).
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This corresponds to the trace labelled 22−22 in the (Br, Bθ) plane of figure 7
(middle). As the frequency of the slower impeller is decreased, we obtain other
stationary dynamo regimes for which the radial component of the mean field
increases and then becomes larger than the azimuthal one (22−20 and 22−19).
When we tune the impeller frequencies to 22 and 18.5 Hz respectively, a global
bifurcation to a limit cycle occurs. We observe that the trajectory of this limit
cycle goes through the location of the previous fixed points related to the
stationary regimes. This transition thus looks like the one of an excitable
system: an elementary example of this type of bifurcation is provided by a
simple pendulum submitted to a constant torque. As the value of the torque
is increased, the stable equilibrium of the pendulum becomes more and more
tilted from the vertical and for a critical torque corresponding to the angle
π/2, the pendulum undergoes a saddle-node bifurcation to a limit cycle that
goes through the previous fixed points. Direct time-recordings of the magnetic
field, measured at the periphery of the flow in the mid-plane between the two
impellers, are displayed in figure 7 (bottom). We propose to ascribe the strong
radial component (in green) that switches between ±25 G to a quadrupolar
mode (see figure 7, top right)). Its interaction with the dipolar mode (Fig. 2,
top left) that is the dominant one for exact counter-rotation, gives rise to the
observed relaxation dynamics. This hypothesis is supported by measurements
made outside of the equatorial plane (x = 109 mm, r = 206 mm) where the
radial to azimuthal field ratio is much smaller, as it should if the radial field
mostly results from the quadrupolar component. We note that it has been
often observed that dipolar and quadrupolar dynamo modes can have their
respective thresholds in a narrow range of Rm [1] and this has been used to
model the dynamics of the magnetic fields of the Earth [36] or the Sun [37].
The relaxation oscillation is observed in a rather narrow range of impeller
frequency F2 (less than 1 Hz). When the frequency of the slowest impeller in
decreased further, statistically stationary regimes are recovered (22 − 18 to
22− 16.5 Hz in Fig. 2, middle). They also correspond to fixed points located
on the trajectory of the limit cycle, except for the case 22 − 16.5 Hz that
separates from it.
When the rotation frequency of the slowest impeller is decreased further, new
dynamical regimes occur. One of them consists in the field reversals described
above. The time evolution averaged over the successive reversals (figure 6) can
be represented as the trajectory of the system in phase space using a three-
dimensional plot of [Bθ(t), Bθ(t + δt), Bθ(t + 2δt)] (figure 8, bottom) where
δt = 1 s ∼ τσ. For each reversal, the field first decays exponentially. This cor-
responds to the part of the trajectory from P to Q in phase space. The system
then leaves Q on a faster time scale and reaches the state with opposite polar-
ity −P after displaying an overshoot in the direct time recording of figure 8
(top). In phase space, this is related to the fact that the trajectory has to circle
around the fixed point −P in order to reach it along one of its stable man-
ifold. As proposed by many authors [38], it is tempting to understand these
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field reversals as heteroclinic orbits connecting unstable fixed points in phase
space. In the present situation, these fixed points are P , Q together with the
symmetric ones −P and −Q obtained by the B → −B transformation. The
trajectory in phase space is amazingly robust despite strong velocity fluctua-
tions. These fluctuations put an upper bound on the duration of phases with a
given polarity by preventing the system to stay too close to the unstable fixed
points and thus to spend too much time in their vicinity. However, this does
not suppress the scale separation between the length of the phases with given
polarity and the duration of a reversal. In that sense, turbulent fluctuations
have a weak effect on the large scale dynamics of the magnetic field.
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Figure 8. Top: the average of the 12 successive reversals displayed in the di-
rect recording of Bθ(t) (left), is shown on the right figure (see text for expla-
nations). Bottom: plot of the trajectory of the averaged reversal in phase space
[Bθ(t), Bθ(t+ δt), Bθ(t+2δt)] (δt = 1 s). Measurements performed at (x = 109 mm,
r = 206 mm) for impellers rotating at frequencies 22− 16 Hz.
We show next that the fixed points ±P and ±Q are also involved in other
dynamical regimes observed in the vicinity of reversals in the parameter space.
For rotation frequencies 22− 15 Hz, the magnetic field displays intermittent
bursts (figure 9, top left). The most probable value of the azimuthal field is
roughly 20 G but bursts up to more than 100 G are observed such that the
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probability density function of the field has an exponential tail (not shown).
For rotation frequencies 21 − 15 Hz, the same type of dynamics occur, but
in a symmetric fashion, both positive and negative values of the field being
observed (top right). Note also that the magnetic field vanished for a while
(t ∼ 300 s). Such extinctions are also observed as transient after changes
of the driving in this area of the phase diagram (black ⊗ in Fig.1 around
(F1, F2) = (22, 15) or (15, 22)). A section of the phase space is displayed in
figure 9(bottom) by plotting [Bθ(t), Bθ(t+δt)] with δt = 1 s for both regimes of
bursts and field reversals. We observe that the bursts occur from the unstable
fixed points ±Q that were already involved in the trajectories related to field
reversals.
6 Discussion and concluding remarks
We have collected in this report the main observations made in the VKS
experiment, for the configuration detailed in the experimental setup section.
A first finding concerns dynamo generation for the symmetric forcing F1 = F2.
A statistically stationary dynamo grows for Rm values in excess of about 32.
The main component has the geometry of an axial dipole in contrast with
kinematic dynamo codes taking into account only the mean flow. Cowling’s
theorem shows that non axisymmetric turbulent fluctuations are essential for
the generation of this dynamo. In addition the threshold value is also lower
than the kinematic predictions using the mean flow, that are in the range
Rcm = 40 to 150 depending on different boundary conditions on the disks and
on configurations of the flow behind them [16,20]. The generation of the sta-
tistically stationary dynamo driven at F1 = F2 share many characteristic with
bifurcations in the presence of noise. For instance threshold values defined
using mean field or rms quantities differ. As shown in much simpler experi-
ments, different choices of an order parameter (mean value of the amplitude
of the unstable mode or its higher moments, its most probable value, etc)
can lead to qualitatively different bifurcation diagrams [39]. This illustrates
the ambiguity in the definition of the order parameter for bifurcations in the
presence of fluctuations or noise. In the present experiment, fluctuations enter
both multiplicatively, because of the turbulent velocity, and additively, due to
the interaction of the velocity field with the ambient magnetic field.
A second noteworthy feature is that different dynamical regimes are generated
when the flow is driven with impellers counter-rotating at different rates. In
addition, these regimes display several characteristic of low dimensional dy-
namical systems: global bifurcations from fixed points to a relaxation cycle,
heteroclinic orbits , chaotic bursts from unstable fixed points. These dynamics
can be understood as the ones resulting from the competition between a few
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Figure 9. Top: time recordings of the azimuthal component of the magnetic field
observed for impellers rotating at (22-15) Hz (left), (21-15) Hz (right). Bottom:
plot of a cut in phase space [Bθ(t), Bθ(t + δt)] with δt = 1 s for three regimes: in
black for field reversals reported in Fig. 3, the magnetic field being rescaled by an
ad-hoc factor accounting that the probe location is not in the mid-plane. In blue,
for symmetric bursts (21−15 Hz) and in red for asymmetric bursts (22−15 Hz). In
these last two plots the magnetic field is time averaged over 0.25 s to remove high
frequency fluctuations.
nearly critical modes. This has been observed in other hydrodynamical insta-
bilities since the early experimental studies on codimension-two bifurcations
[40]. Competing critical modes have been already considered as phenomeno-
logical models of the dynamics of the magnetic fields of the Earth [36,38] or
the Sun [41,37] and similar type of dynamics have been obtained. It has been
also observed in simulations [34] or mean field models [42] that magnetic field
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reversals can occur when a stationary and an oscillatory modes are in prox-
imity and a simple analytic model has been designed in this spirit [43]. It is
also well-known since Rikitake that dynamo models corresponding to a drastic
truncation of the governing equations can give rise to complex temporal dy-
namics [44]. We emphasize that what is remarkable in the present study is the
robustness of these low dimensional dynamical features that are not smeared
out despite large turbulent fluctuations of the flow that generates the dynamo
field. A possible explanation is that the large scale magnetic field is too slow
to follow velocity perturbations with time scales comparable to the rotation
rate of the impellers or smaller.
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